Objective: Patients diagnosed with a psychotic disorder and their first-degree relatives display increased reactivity to stress. Theory predicts that experience of psychosocial stress is associated both with ventromedial prefrontal and mesolimbic dopamine neurotransmission. However, while there is evidence of aberrant striatal dopamine processing in psychotic disorder, the role of the prefrontal cortex remains under-researched. This study aimed at investigating stress-induced in vivo dopamine release in ventromedial prefrontal cortex (vmPFC) of individuals at familial risk for psychosis. Method: Fourteen healthy first-degree relatives of patients with a diagnosis of psychotic disorder and 10 control subjects underwent a single dynamic positron emission tomography (PET) scanning session after intravenous administration of 183.2 (SD = 7.6) MBq [ 18 F]fallypride. Psychosocial stress was initiated at 100 min postinjection using a computerized mental arithmetic task with social evaluative threat components. PET data were analyzed using the linearized simplified reference region model. Regression analyses were performed to compare the spatial extent of task-related ligand displacement between control subjects and relatives and to find how it related to self-rated experiences of psychosocial stress and psychosis. Results: First-degree relatives displayed hyporeactive dopamine signaling in the vmPFC in response to stress. Increased levels of subjectively rated stress were associated with increased intensity of psychotic experiences. This effect was particularly pronounced in first-degree relatives.
Objective: Patients diagnosed with a psychotic disorder and their first-degree relatives display increased reactivity to stress. Theory predicts that experience of psychosocial stress is associated both with ventromedial prefrontal and mesolimbic dopamine neurotransmission. However, while there is evidence of aberrant striatal dopamine processing in psychotic disorder, the role of the prefrontal cortex remains under-researched. This study aimed at investigating stress-induced in vivo dopamine release in ventromedial prefrontal cortex (vmPFC) of individuals at familial risk for psychosis. Method: Fourteen healthy first-degree relatives of patients with a diagnosis of psychotic disorder and 10 control subjects underwent a single dynamic positron emission tomography (PET) scanning session after intravenous administration of 183.2 (SD = 7.6) MBq [ 18 F]fallypride. Psychosocial stress was initiated at 100 min postinjection using a computerized mental arithmetic task with social evaluative threat components. PET data were analyzed using the linearized simplified reference region model. Regression analyses were performed to compare the spatial extent of task-related ligand displacement between control subjects and relatives and to find how it related to self-rated experiences of psychosocial stress and psychosis. Results: First-degree relatives displayed hyporeactive dopamine signaling in the vmPFC in response to stress. Increased levels of subjectively rated stress were associated with increased intensity of psychotic experiences. This effect was particularly pronounced in first-degree relatives. Conclusion:
Introduction
Patients diagnosed with a psychotic disorder, as well as their unaffected first-degree relatives, display increased reactivity to stress, responding to minor daily stressors with increased intensity of psychotic experiences. 1 Given the suggested involvement of dopaminergic neurotransmission in the human stress response 2, 3 and the central role for dopamine dysfunction in patients with a psychotic disorder (see Howes and Kapur 4 for review of the literature), observations of increased stress reactivity in psychosis-prone individuals may represent a functional state of underlying anomalies in dopamine stress signaling. 5 However, in vivo human imaging studies investigating stress-induced changes in dopamine levels are scarce and rarely include assessment of the context of psychosis. 3, 6 Although the experience of psychosocial stress is suggested to involve both frontocortical and mesolimbic neurotransmissions, 7 these studies have focused solely on striatal dopamine release. 3, 6 Rodent studies, however, suggest a cardinal role for prefrontal dopamine in stress processing because exposure to social stress is associated with increased extracellular dopamine levels predominantly in PFC, and to a lesser extent in mesolimbic areas. 8 Moreover, depletion of dopamine in rodent PFC increases dopamine reactivity to stress in mesolimbic brain regions, suggesting that PFC dopamine transmission plays a role in the attenuation of mesolimbic dopamine release, exerting a "brakelike" function that may play a vital role in diminishing the adverse effects of stress on the brain. 7 Individuals vulnerable to psychosis, alike PFC dopamine-depleted rodents, display abnormally low PFC activity (ie, "hypofrontality") 9 and increased reactivity of mesolimbic dopamine neurons. 10 These data suggest underlying alterations resulting in failure of the prefrontal dopamine system to exert control over stress-induced mesolimbic dopaminergic neurotransmission, the behavioral expression of which is increased psychotic reactivity to stress. 1 However, direct in vivo evidence for an impaired stress-attenuating function of the prefrontal dopamine system in psychosis is currently lacking. This is mainly due to methodological restriction, a lack of high-affinity D 2/3 ligands limiting positron emission tomography (PET) exploration of dopaminergic transmission to brain regions with high D 2 receptor density, primarily the striatum. Recent development of high-affinity D 2/3 radioligands, among which [ 18 F]fallypride, has offered possibilities for exploration of extrastriatal dopamine sites such as the PFC 2,11 where D 2/3 receptor density is an order of magnitude lower than in striatal regions. 12 In a previous study, 2 we used [
18 F] fallypride to detect in vivo prefrontal dopamine release in healthy human subjects in response to the Montreal Imaging Stress Task (MIST), a psychosocial stress challenge developed and used previously by Pruessner et al. 3 Subjectively rated experiences of psychosocial stress were positively associated with the spatial extent of dopaminergic activity in ventromedial PFC (vmPFC), implicating an important role for vmPFC dopamine neurotransmission in human stress processing, in line with abnormal stress responsivity in neurological patients with medial PFC damage. 13 This study aimed at extending this work to the domain of psychosis, utilizing the same [ It was hypothesized that first-degree relatives would display impaired prefrontal regulation of stress-induced mesolimbic dopamine release, reflected by attenuated stress-induced vmPFC dopamine signaling associated with psychotic reactivity to the MIST laboratory stressor. Based on the available evidence of increased behavioral stress sensitivity in relatives, 1 attenuated dopamine signaling in vmPFC was hypothesized to index trait sensitivity to stress rather than represent a marker of illness. Thus, both siblings, parents, and children of patients diagnosed with a psychotic disorder were selected as carriers of stable trait sensitivity, regardless of probability of transition to illness.
Method

Subjects
The sample consisted of 14 healthy first-degree relatives of individuals with a psychotic disorder and 12 healthy control subjects with no family history of psychotic illness (control sample has been described in previous work).
2 Subjects were recruited through pamphlets, advertisements in local newspapers, and random mailing procedures in the local area. Relatives were additionally recruited by contacting local family organizations for relatives of patients with a psychotic disorder.
Inclusion criteria were (1) age 18-65 years and (2) sufficient command of the Dutch language to understand instructions and give informed consent. Exclusion criteria were (1) known diagnosis of intellectual disability according to the explicit diagnostic criteria of the DSM-IV-TR 19 ; (2) head trauma with loss of consciousness or central neurological disorder; (3) endocrine disorder; (4) cardiovascular disorder; (5) presence or history of psychiatric illness according to the explicit diagnostic criteria of the DSM-IV-TR, generated with the OPCRIT computer program 15 ; (6) positive family history of psychosis (controls only); (7) current use of psychotropic medication; (8) current or previous use of illicit drugs; (9) use of alcohol in excess of 5 standard units per day; (10) presence of metal elements in the body; (11) previous experience of claustrophobia; and (12) pregnancy or lactation.
The study was approved by the standing medical ethics committee and was consistent with the ethical principles for medical research involving human subjects, as formulated in the Helsinki declaration. 16 All subjects signed informed consent after description of the study. Drug and medication use were assessed at the day of scanning by urinalysis (MultiTest 1990-2010 SureScreen Diagnostics Ltd) in order to ensure that subjects were drug free at the moment of scanning. In addition, pregnancy tests (Clearblue 2008 Swiss Precision Diagnostics) were carried out, in order to exclude pregnancy at the moment of scanning.
Assessment of Subclinical Psychopathology
All subjects were assessed for frequency of subclinical depressive, negative, and positive psychotic symptoms at study entry with the Community Assessment of Psychic Experiences (CAPE; Dutch version), a 42-item self-report questionnaire (van Os, Verdoux & Hanssen, 1999). 17, 18 Frequency scores were measured on a 4-point scale ranging from never (=1), sometimes (=2), often (=3) to nearly always (=4). The CAPE depressive, negative, and positive psychotic dimensions encompass 8, 14, and 20 items, respectively. A total score per dimension is provided by adding up the respective frequency scores. Consistent with previous work, 17, 18 CAPE scores were weighted for the number of valid answers per dimension.
Global functioning was furthermore assessed with the Global Assessment of Functioning (GAF) scale, 19 a reliable and valid measure of overall psychological disturbance. 20 
Psychosocial Stress Task
Psychosocial stress was induced in the PET-scanner using the Montreal Imaging Stress Task (MIST), the psychosocial stress paradigm developed by Pruessner et al. 3 The experiment consisted of a control and a stress condition. In the control condition, subjects performed 6-min blocks of mental arithmetic on a computer screen with no time constraints or performance feedback, resulting in an average performance of 90% correct responses. In the stress condition, subjects performed similar mental arithmetic as in the control condition, with the addition of information about the total number of errors, expected average number of errors, time spent on the current problem, and performance feedback (correct, incorrect, and timeout) displayed on the computer screen. In addition, a time constraint, slightly below the time needed according to the subject's ability, was set for solving each problem. The constraint was automatically adjusted by the computer algorithm for each individual subject, based on the average time needed to solve a problem during a practice session before start of the PET scan. A tone rising in frequency indicated the remaining time for the subject to solve each problem.
Subjects were informed that an average performance of 80%-90% correct answers was expected. However, due to the manipulation of the time constraint, subjects achieved, on average, only 20%-30% correct answers. Psychosocial stress was additionally induced through negative verbal feedback from a confederate investigator, who commented upon subjects' performance, emphasizing that they needed to achieve at least minimal performance requirements. An extensive debriefing session took place at the end of the experiment, in which subjects were told that the task was specifically designed to be out of reach of their mental capacity and that in reality it did not assess their ability to perform mental arithmetic.
Behavioral Measures
Self-rated experiences of stress and psychosis were assessed every 12 min, throughout the experiment, which consisted 6 stress and 7 psychosis items, rated on 7-point Likert scales (rating from not at all [=1] to very [=7]), adapted from Experience Sampling Methodology. 1 All scores were recoded such that an increase in scores corresponded to increased intensity of subjective stress or psychotic experiences. Averages of the (recoded) scores on the items "I feel relaxed," "I feel pressured," "I feel comfortable among these people," "I feel judged by these people," and "I do not live up to expectations" constituted the subjective stress scale (Cronbach's alpha =.69). The psychosis scale consisted of averages of the (recoded) scores on the items "I feel suspicious," "I feel unreal," "My thoughts are being influenced by others," "I can't get rid of my thoughts," "I see things that aren't really there," "I hear voices," and "I'm afraid I'll lose control" (Cronbach's alpha =.73).
PET Acquisition and Data Reduction
The highly selective dopamine D 2/3 PET radioligand [
18 F] fallypride was used to measure in vivo dopamine release in the PFC 2, 11 in response to the MIST psychosocial stress challenge.
2,3 Details regarding radiotracer preparation, PET acquisition, and data reduction have been described in detail previously, 2 and are enclosed in the Appendix. To detect and map PFC dopamine release, we used the linearized simplified reference region method (LSSRM), 21 a method that makes use of the endogenous competition between a neurotransmitter and the radioligand for occupancy of its receptor; hereby an increase in the rate of [ 18 F]fallypride displacement induced by the stimulus indicates increased dopamine release. 2, 11, 12, 14 The LSSRM permits to detect the presence of voxel-wise transient changes, with the advantage to investigate also regions with low radiotracer uptake such as the PFC.
2,11,12
Main Analysis
Linear regression analyses were conducted with group (control [=0] vs relative [=1]), task-induced changes in scores on the subjective stress scale (quantified as the difference between mean scores on the scale under stress vs control conditions) or task-induced changes in scores on the psychosis scale (quantified as the difference between mean scores on the scale under stress vs control conditions), as well as their interaction (ie, group x subjective stress and group x psychosis) as independent variable, and task-induced changes in the spatial extent of [ 2 as dependent variable.
Second, linear regression analysis was performed with group (control [=0] vs relative [=1]), task-induced changes in scores on the subjective stress scale (quantified as the difference between mean scores on the scale under stress vs control conditions), as well as their interaction (ie, group x subjective stress) as independent variable, and task-induced changes in scores on the psychosis scale (quantified as the difference between mean scores on the scale under stress vs control conditions) as dependent variable.
Significance tests were performed in STATA release 10.0. 23 When interactions were detected, simple effects were calculated using the LINCOM command in STATA. In absence of interactions, main effects were calculated. All analyses were a priori corrected for age, gender, nicotine use (continuous: number of cigarettes/day), and alcohol consumption (continuous: grams of alcohol/week).
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Results
Subjects
Of the 26 subjects who entered the study, 1 control subject was excluded because of excessive stress during the control condition of the experimental PET paradigm, attributable to uncomfortable placement of the catheter for bolus injection. For another control subject, data on the subjective stress scale and psychosis scale were lost due to a computer failure. Consequently, final analyses were performed in a sample of 10 control subjects and 14 first-degree relatives (7 siblings, 6 parents, and 1 child of a patient diagnosed with psychotic disorder).
Subject Characteristics
No large or significant sociodemographic differences, nor differences in subclinical psychopathology were observed between groups (see figure 1 ), indicating a differential association between the experience of stress and task-induced dopamine activity in these brain regions in controls vs relatives.
In relatives, higher levels of subjective stress were associated with decreased spatial extent of [ 18 Visual inspection of the data, however, suggested these findings to be influenced by 1 outlying subject in the control group (figure 2), which was statistically confirmed by performance of a Cook's distance test for influential cases 25 
. 26 Interaction analyses were therefore repeated with exclusion of 
Effect of Familial Liability to Psychosis on the Association Between Task-Induced Changes in Subjective Stress and Task-Induced Changes in Subjective Psychotic Experiences.
Linear regression analyses revealed no significant interaction effect between group (control vs relative) and taskinduced subjective stress on subjectively rated psychotic experiences (F(1,18) = 1.15; β = 0.58; 95% CI [−0.56; 1.71]; P = .299; corrected for age and gender only). The main effect of task-induced subjective stress on subjectively rated psychotic experiences was significant; however (β = 0.90; t(20) = 3.86; 95% CI [0.41; 1.38]; P = .001; corrected for age and gender only), higher levels of subjective stress were associated with increased intensity of psychotic experiences. This effect was largely due to strong associations between task-induced subjective stress on subjectively rated psychotic experiences in relatives (β = 1.19; t(18) = 4.06; 95% CI [0.57; 1.81]; P = .001; corrected for age and gender only), and to a much lesser and nonsignificant extent in controls (β = 0.61; t(18) = 1.46; 95% CI [−0.27; 1.50]; P = .161; corrected for age and gender only).
Discussion
Results from this study indicate that individuals at familial risk for psychosis display attenuated dopamine stress processing in ventromedial prefrontal cortex (vmPFC), a brain region previously identified to play a key role in human dopaminergic stress regulation. 2 Furthermore, increased levels of subjectively rated stress were associated with increased intensity of psychotic experiences. This effect was particularly pronounced in first-degree relatives, fitting previously reported associations between abnormal dopamine reactivity and increased stress reactivity in the daily life of subjects at familial risk of developing psychosis. 5 Although previous studies have suggested a role for prefrontal dysfunctions in psychosis, 9 this is, to our knowledge, the first in vivo human imaging study showing familial liability to psychosis to be associated with alterations in dopamine stress processing in PFC.
Ventromedial Prefrontal Cortex Involvement in Stress Regulation
These findings underline a regulatory role for vmPFC dopamine neurotransmission in the human stress response, 2 given that individuals at familial risk for psychosis, characterized by impairments in stress regulation, 1 display alterations in vmPFC dopamine stress transmission. These findings are in line with reports of medial prefrontal cortex Difference between mean scores on the subjective stress scale under stress vs control conditions of the MIST psychosocial stress task. c Difference between mean scores on the psychosis scale under stress vs control conditions of the MIST psychosocial stress task. Percentage of voxels exceeding the FDR corrected significance threshold of P(α(FDR) = 5%) < 0.05, reflecting spatial extent of taskinduced ligand displacement. Percentages reflect the number of significant voxels relative to the total number of voxels within the mask of the respective brain region. damage being associated with heightened self-reported stress responses to the Trier Social Stress Test. 13 The vmPFC strongly connects to the amygdala, ventral striatum, and hypothalamus 27, 28 and is thought to be involved in emotion regulation, 29 impulse and self-control, 30 and fear extinction. 31 Furthermore, the loss of topdown control by the vmPFC is implicated in mood and anxiety disorders, 32, 33 supporting a role for the vmPFC as emotion control centre, further emphasized by observations of vmPFC damage being associated with deficits in emotion regulation. 29 Importantly, the human stress response is uniquely determined by the interaction between a stressor and the individual's appraisal thereof, which may be incongruous with the actual threat of the stressful situation. 34 The vmPFC is implicated in the neural processing of these appraisals, 35 in turn activating subcortical brain regions involved in the initiation of the physiological stress response. 28 Alike patients with a psychotic disorder, 36 vmPFC-damaged patients display difficulty appraising social and emotional cues. 37 Inappropriate psychological (eg, psychotic) and physiological reactions to social stress, as observed in individuals at risk of psychosis, 1 may therefore result from impaired appreciation of the stressful nature of a situation, mediated by alterations in vmPFC functioning.
A Role for Prefrontal-Mesolimbic Dopamine Asymmetry in Psychotic Stress Processing
Although previous studies suggest a role for asymmetry of prefrontal-mesolimbic dopamine networks in psychotic disorders, implicating "hypoactivity" of prefrontal and "hyperactivity" of mesolimbic dopamine structures, 9 a scarcity of in vivo human studies investigating stressinduced changes in prefrontal dopamine levels limits our understanding of the role of this neurochemical asymmetry in the stress reactivity endophenotype of psychosis. Rodent studies indicating that depletion of dopamine in the PFC increases stress-induced dopamine release in the mesolimbic system 7 have advanced the hypothesis that prefrontal dopamine transmission attenuates stress-induced mesolimbic dopamine release. A possible a Outlier based on Cook's distance test for influential cases 25 and not included in final analyses.
function of this mechanism could be to protect the organism for the adverse consequences of stress on the brain, supported by the observation that stress-related psychopathologies are characterized by disturbed mesolimbic dopamine transmission 38 and prefrontal diminution. 39 Our previous finding of healthy subjects responding to psychosocial stress with increased levels of endogenous dopamine in the PFC, 2 whereas a similar stressor in previous studies did not necessarily induce dopamine release in mesolimbic brain regions, 3, 6 further supports the hypothesis that the organism may benefit from such a stress-reducing mechanism, with a suggested regulatory role of the prefrontal dopamine system. Findings from this study, showing hyporeactive dopamine signaling in the vmPFC of first-degree relatives in response to stress, suggest familial risk for psychosis is mediated, among others, by impaired attenuating control of the prefrontal dopamine system, and hence increased stress reactivity of mesolimbic dopamine neurons. Given the proposed mediating role of mesolimbic dopamine in salience attribution, 40 a stress-induced hyperactive state of the mesolimbic dopamine system may result in "aberrant salience" (the assignment of salience to otherwise unimportant stimuli), and fuel psychotic experiences, 40 supported by observations of stress-induced psychotic experiences in individuals at risk of psychosis. 1 Animal studies suggest that excessive stimulation of prefrontal dopamine neurons (eg, by stress) can put the prefrontal cortex "off-line," 41 disrupting the attenuating control over subcortical brain regions, rendering these regions hyperreactive, and enabling them to dominate behavior. This mechanism may have survival value because it enables the organism to automatically switch from complex, slow, prefrontally regulated behaviors to instinctive, fast (eg, "fight"-"flight") behaviors guided by subcortical brain regions, when exposed to severe stress. 42 However, incorrect tuning of this mechanism may render the organism hyper-or hyporesponsive to stress. These findings may point toward a proneness to stress-induced "overload" of the vmPFC dopamine system in individuals at familial risk for psychosis, reflected by observations of inverse dopamine stress reactivity in vmPFC compared with healthy control subjects. Post hoc likelihood ratio analyses suggested observations of task-induced subjective stress and ligand displacement in vmPFC of healthy first-degree relatives to be best represented by a quadratic, inverted U-shaped, rather than linear function. Hence, feelings of subjectively experienced stress appear positively related to vmPFC dopamine activity until a "turning point" is reached, beyond which increased stress levels are associated with decreased vmPFC dopamine signaling. Consequently, attenuating control of the vmPFC dopamine system over the stress-induced mesolimbic dopamine response may be lost, increasing likelihood of stress-induced psychotic experiences. 40 However, further studies are needed to clarify mechanisms of pathophysiological dopamine communication between cortical and subcortical brain regions in the context of psychosis.
Strengths and Limitations
The findings reported in this study result from significant advances made in the field of neuroimaging and show, for the first time, aberrant in vivo dopamine stress signaling (ie, aberrant stress-induced changes in the spatial extent of [
18 F]fallypride ligand displacement) in the PFC of individuals at familial risk for psychosis. Further strengths of the study include the use of a laboratory stressor that attempts to emulate real-world social interactions and succeeds in eliciting stress not only at a neural level, but also at the level of subjective experience. Some limitations require consideration. PET measurement of alterations in dopamine concentration in response to a pharmacological manipulation or during a behavioral task can be obtained by calculating the percentage change in dopamine D 2/3 receptor binding potential BP ND (ΔBP ND ), measured under dual scanning conditions (control and activation condition). 43, 44 This design has the advantage that the quantitative index of dopamine release, BP ND , is obtained by directly applying standard techniques such as the simplified reference tissue model (SSRM). 45 However, BP ND measurement in the activated condition assumes that the subject is in steady state during activation. In addition, the need for 2 separate BP ND measurements and possibly noisy subtraction of 2 low BP ND values in extrastriatal regions may reduce the sensitivity of the design 21 and may have influenced studies that failed to detect significant amphetamine-induced ΔBP ND decreases in cortical regions. 44 Simulations furthermore demonstrated that ΔBP ND has an inherent sensitivity to timing of dopamine perturbations and could lead to incorrect inferences of the relative amounts of dopamine released during conditions. 46 In this study, we implemented a common variant of the SSRM, the LSSRM, 21 which has several practical advantages, such a single scanning session to avoid possible session effects. Fundamentally, it is based on a kinetic model of the stimulus-induced physiological phenomenon involved, where nonsteady-state effects are considered by making parameters time dependent. The presence of significant dopamine-induced transient changes in ligand displacement after the stimulus initiation is estimated by fitting the model to data from individual subjects, therefore facilitating the detection of relatively small differences in dopamine release, which is of particular interest for areas with low signal-to-noise ratio such as the PFC. Moreover, because the model generates voxel-wise parametric calculations of the time-dependent parameters, it allows direct comparisons of spatial extent of dopamine release between subject populations within a specific region of interest.
On the other hand, in the LSSRM approach, possible alterations in regional cerebral blood flow (rCBF) are not fully accounted for. However, as argued by Christian and colleagues, 14 using a single injection protocol in combination with the in vivo kinetics of [ 18 F]fallypride minimizes the possible confounds of changing rCBF under psychological task paradigm conditions.
Consequential to the 1-day scanning protocol utilized in this study, the stress and control conditions of the MIST were consistently administered in the same sequence, ie, the control condition preceded the stress condition for each subject. Although this increases risk of carry-over effects from the control condition into the stress condition, these effects were minimized by separating the 2 conditions by a baseline condition. Most importantly, a 2-scan protocol, with counterbalanced administration of stress and control conditions, would have meant that the extensive and important debriefing session, in which subjects were told that the task was specifically designed to be out of reach of their mental capacity and that it did not assess their ability to perform mental arithmetic, could only take place after the second scan, which was considered to be ethically problematic. Furthermore, a 1-day scan protocol has the advantage of avoiding session effects.
Studies with a small sample size may be particularly susceptible to Type-II error 47 although power calculations are rarely reported. Adequate power in respect of a given effect size has been defined at ≥0.80 or 80% (ie, β ≤ 0.20). 48 Post hoc power estimates (G*Power 3.1.5) 49 for detecting the reported interactions in this study sample ranged from 0.13 to 0.67 for the analyses yielding negative results, suggestive of Type-II error. 50 The behavioral phenotype of increased psychotic reactivity to stress in first-degree relatives of patients with a psychotic disorder has been established through larger sample studies, using fine-grained ecological monitoring techniques that employ repeated measurements in daily-life context, 1 and are therefore equipped with more sensitivity for detecting such phenotypes at the behavioral level. Therefore, a lack of potential to experimentally induce variation in subclinical psychotic phenomena using this experimental stress paradigm and/or a lack of sensitivity to detect subtle fluctuations in stress-induced subclinical psychotic phenomena in the laboratory possibly underlies the negative findings in this study. However, the power to detect the anticipated and significant interactions between group (control vs relative) and subjective, task-induced stress in the models of task-induced [ 18 F] fallypride ligand displacement in left and right vmPFC was shown to be of adequate magnitude (0.80 and 0.88, respectively). Nonetheless, the issue of statistical power in relation to Type-II error should be prioritized in future replication studies, and care should be taken in the interpretation of underpowered study findings.
Generalizability of these findings to other groups at increased genetic risk for psychosis is hampered by the fact that the first-degree relatives included in this study were all healthy and, in most cases, beyond the age of risk for the onset of psychotic illness. Therefore, the nature and extent of dopamine abnormalities observed in these relatives may differ from those displayed by at-risk and ultra-high risk adolescent samples and may in fact represent an expression of biological resilience, rather than risk, in the context of psychosis vulnerability. However, this is in part contradicted by our finding of "hyporeactivity" being associated with increased, rather than decreased, intensity of subjective psychotic experiences. In addition, regardless of biological risk or resilience factors, healthy relatives of patients diagnosed with a psychotic disorder may manage to cope better with stress and/or have other resilience factors protecting them from psychotic disorder. Future investigations of unmedicated patients and medication-naive subjects with at-risk mental states are therefore required to further clarify the role of attenuated prefrontal dopamine signaling in the etiology of psychosis. Finally, it should be noted that our results do not imply causality, and the specific function of each brain region in the human stress response remains an important subject for further investigation.
Conclusion
Although previous studies have hypothesized a role for prefrontal dopamine dysfunction in psychosis, 9 this study, to our knowledge, is the first in vivo human imaging study showing attenuated (ie, hyporeactive) dopamine stress neuromodulation in vmPFC of individuals at familial risk for psychosis. Development of high-affinity D 2/3 radioligands, like [ 18 F]fallypride, 12 and advances in PETmethodology 21 offer possibilities for further exploration of extrastriatal dopamine sites suggested to be involved in the pathophysiology of psychosis. 2, 11 The work presented in this study is at an early stage, and there is an urgent need for further human in vivo studies aimed at clarifying mechanisms of pathophysiological dopamine communication between cortical and subcortical brain regions in the context of psychosis. Kwinten Porters, and Mieke Steukers for their assistance in collecting data, and Ron Mengelers for technical support. The authors have declared that there are no conflicts of interest in relation to the subject of this study.
